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We study the effect of lepton number violation (LNV) on baryon asymmetry, generated in the early 
Universe, in the presence of a dark sector with a global symmetry U (1)X , featuring asymmetric dark 
matter (ADM). We show that in general LNV, observable at the LHC or in neutrinoless double beta 
decay experiments, cannot wash out a baryon asymmetry generated at higher scales, unlike in scenarios 
without such dark sector. An observation of LNV at the TeV scale may thus support ADM scenarios. 
Considering several models with different types of dark matter (DM), we ﬁnd that the DM mass is of the 
order of a few GeV or below in our scenario.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Both, the cogent astrophysical evidence for DM and the baryon 
asymmetry of the Universe, call for the existence of new physics 
beyond the Standard Model (SM). Interestingly, the fractions of the 
critical density ρc of the Universe in baryons and DM are rather 
close [1,2]:
B h
2 = 0.02226±0.00023 and DM h2 = 0.1186±0.0020, (1)
corresponding to
DM  5.3B, (2)
where h = 0.68 is the scale factor for the Hubble expansion 
rate [2]. This coincidence might hint at a relation between the pro-
duction mechanisms of the baryon asymmetry and the observed 
DM relic abundance. Such a relation can be realized in the context 
of ADM scenarios [3], see Refs. [4,5] for recent reviews. Within this 
framework, either DM particles or antiparticles remain in the Uni-
verse due to an asymmetry, similar to the one among baryons and 
antibaryons. To distinguish between DM particles and antiparticles 
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SCOAP3.requires the existence of a conserved global quantum number X
in the dark sector. Then, an X asymmetry results in an asymmetry 
among the number of DM particles and antiparticles. This can be 
realized, if e.g. the dark sector possesses a global symmetry U (1)X .
The explanation of neutrino masses also requires physics be-
yond the SM. Most of the mechanisms, giving mass to neutrinos, 
assume that they are Majorana particles and thus lepton number 
(L) to be violated by two units [6–15]. Leptogenesis is a promi-
nent mechanism for generating the baryon asymmetry [16], see 
Refs. [17–23] for recent reviews, which is based on LNV processes 
eﬃcient at high energy scales. A positive signal in neutrinoless 
double beta (0νββ) decay experiments would be a sign of LNV 
and prove the Majorana nature of neutrinos, see Refs. [24–26] for 
recent reviews. As shown in Refs. [27,28], if 0νββ decay is due 
to light neutrino masses, such LNV corresponds to washout ef-
fects of the L asymmetry that are eﬃcient only for temperatures 
T  1011 GeV.
As emphasized recently in Refs. [27–29], any future observa-
tion of LNV, such as same-sign dilepton signals at the LHC [29]
and contributions to 0νββ decay due to new particles with masses 
around the TeV scale [27,28], will imply LNV processes eﬃcient at 
temperatures T ∼ 1 TeV. These in combination with SM sphaleron 
processes [30,31], that violate (B + L) and are eﬃcient above the 
sphaleron decoupling temperature Tsph, can lead to the washout 
of both baryon number (B) and L asymmetries [32]. Consequently, 
a future discovery of LNV processes can falsify mechanisms of  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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lead to such LNV processes are radiative neutrino mass models [33,
34].
We therefore investigate the impact of LNV processes, eﬃcient 
at T ∼ 1 TeV, on particle–antiparticle asymmetries in the dark and 
the visible sectors in ADM scenarios, where B and X asymmetries 
are correlated. We focus on LNV processes that violate L by two 
units. We discuss several models with a symmetry U (1)X in the 
dark sector. DM can be a scalar or a fermion, it can be an ele-
mentary particle or a composite state and there might exist more 
than one species of DM. We ﬁnd that in all models it is possible 
to preserve B and X asymmetries, even in the presence of LNV 
processes at temperatures T ∼ 1 TeV. We can identify two classes 
of models: those in which the dark sector changes the condition 
for hypercharge (U (1)Y ) neutrality of the Universe [32,35] and 
those in which the dark sector also modiﬁes SM sphaleron pro-
cesses [36]. The latter implies a transfer of the particle–antiparticle 
asymmetries between the dark and the visible sectors. Taking into 
account LNV processes, eﬃcient at T ∼ 1 TeV, further constrains 
the allowed range for the DM mass and requires it to be lower 
than a few GeV in the models considered, if the ratio of DM and 
B in Eq. (2) should be correctly reproduced.
This paper is organized as follows: In section 2, we list the 
equations relevant for the different chemical potentials, discuss the 
features which are necessary for preventing the washout of the 
different asymmetries through LNV processes, and then analyze 
the correlation between the different asymmetries in a model-
independent way. In particular, we show that LNV processes fur-
ther constrain the DM mass. In sections 3 and 4 we discuss con-
crete examples, where either the condition for hypercharge neu-
trality or also SM sphaleron processes are modiﬁed through the 
dark sector, and calculate the correlation between the different 
asymmetries as well as the upper limit on the DM mass, arising 
if LNV processes are also considered. We summarize our ﬁndings 
and conclude in section 5.
2. General framework
The following analysis is carried out for temperatures above the 
electroweak phase transition (EWPT). All statements are valid for 
situations in which B , L and X asymmetries are exclusively gen-
erated above the electroweak (EW) scale. The origin of the asym-
metries is not speciﬁed. They might, for example, be dynamically 
generated in the early Universe via some unknown new physics 
[37]. We focus on ADM scenarios, where DM is only due to 
the asymmetric component. This can be justiﬁed, if there exists 
a mechanism, such as the exchange of a light gauge boson or the 
Sommerfeld enhancement [38], eﬃcient enough to annihilate the 
symmetric component.
We ﬁrst mention the equations relevant for the different chem-
ical potentials and discuss the features, necessary for preventing 
the washout of the different asymmetries through LNV processes, 
eﬃcient at temperatures T ∼ 1 TeV. In a second step, we analyze 
the correlation between the different asymmetries in a model-
independent way and show the additional constraints on the DM 
mass arising from the presence of LNV processes.
2.1. Conditions on chemical potentials
Above the EWPT, the SM Yukawa interactions and SM sphaleron 
processes are in thermal equilibrium and the total hypercharge 
vanishes. Thus, the following relations for the chemical potentials 
μi hold [32]:− μq + μH + μdR = 0 , −μq − μH + μuR = 0 ,
− μ + μH + μeR = 0 , 3 (3μq + μ) = 0 ,
3μq + 6μuR − 3μdR − 3μ − 3μeR + 2μH = 0 .
(3)
Here, the index i denotes the SM particles: q (left-handed quark 
doublet), uR (right-handed u-quark), dR (right-handed d-quark), 
(left-handed lepton doublet), eR (right-handed charged lepton) and 
H (Higgs doublet). The ﬁrst three conditions originate from the SM 
Yukawa interactions, while the fourth and ﬁfth conditions corre-
spond to the SM sphaleron processes and hypercharge neutrality of 
the Universe, respectively. Since we focus on temperatures above 
the EWPT, hypercharge neutrality is required instead of electric 
charge neutrality, and both components of a left-handed doublet 
have the same chemical potential. For simplicity, we assume that 
the chemical potentials of the three generations of quarks and 
leptons are the same, respectively. In particular, non-vanishing off-
diagonal elements of the quark mixing matrix and eﬃcient EW 
interactions are responsible for the B asymmetry being equally 
shared by the three quark generations. In total, there are six chem-
ical potentials and ﬁve constraints, leading to one free parameter, 
which can be chosen as μ . As a result, both B and L asymmetries 
can be expressed in terms of μ [30], see Eq. (11).
Once an LNV process, eﬃcient at temperatures T ∼ 1 TeV, is in-
troduced, this leads to an additional condition for the chemical 
potentials, i.e., a sixth constraint (linearly independent of the ones 
in Eq. (3)), which implies μ = 0 and hence a washout resulting in 
vanishing B and L asymmetries [32]. It is worthwhile to mention 
that all operators which violate L by two units, that are respon-
sible for e.g. Majorana neutrino masses and 0νββ decay, listed in 
Refs. [14,15], yield exactly the same constraint:
μ + μH = 0 . (4)
This constraint also follows from the Weinberg operator (H)2. 
However, in order to correctly produce the light neutrino mass 
scale the coupling of the Weinberg operator needs to be very small 
so that it is not effective and thus no further condition for the 
chemical potentials has to be added. As sphaleron processes are 
not eﬃcient at converting B and L asymmetries in the SM dur-
ing or below the EWPT, this washout of the L asymmetry does not 
imply the washout of the B asymmetry.
As 0νββ decay only involves electrons in the ﬁnal state, an op-
erator giving rise to this process is ﬂavor-sensitive, i.e. it can only 
lead to the washout of the L asymmetry stored in the electron, but 
not in the muon or tau ﬂavor. However, if lepton ﬂavor is violated 
at the same time as L, the total L asymmetry, stored in all ﬂavors, 
will be entirely erased. Throughout this analysis, we assume that 
also lepton ﬂavor is violated so that the L asymmetry is equally 
distributed among the three lepton generations.
In ADM scenarios, the dark sector possesses a global symme-
try U (1)X and an X asymmetry results in an asymmetry among 
the number of DM particles and antiparticles. If at least some par-
ticles of the dark sector transform in a non-trivial way under the 
SM gauge group SU (3)C ⊗ SU (2)L ⊗ U (1)Y , a correlation between 
the asymmetries in the dark and the visible sectors is induced. 
The simplest option to consider is one in which particles of the 
dark sector only carry hypercharge and a charge under the global 
symmetry U (1)X . Then, only the condition for hypercharge neu-
trality is modiﬁed. The dark and the visible sectors are in contact 
through Yukawa interactions, see Eq. (19). In this way, a transfer 
between the asymmetries of the dark and visible sectors is possi-
ble. As shown in section 3, in the most minimal scenario the dark 
sector contains two types of particles, the DM particle and the one 
also charged under U (1)Y . In this case eight chemical potentials 
have to fulﬁll six conditions, the ﬁrst four conditions displayed 
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Eq. (21), and the condition due to the interaction connecting the 
dark and the visible sectors, see Eq. (20). Thus, two chemical po-
tentials remain as free parameters. If, in addition, L is violated by 
two units through processes, eﬃcient at temperatures T ∼ 1 TeV, in 
this scenario, the condition in Eq. (4) has to be fulﬁlled, and thus 
one of the two free parameters becomes ﬁxed. B , L and X asym-
metries are in turn proportional to the remaining free parameter 
and, in particular, are in general non-vanishing.
Another example is the model in Ref. [36] where fermions F
of the dark sector transform as doublets under SU (2)L and are 
charged under U (1)X . In this case the SM sphaleron processes are 
modiﬁed and the corresponding condition for the chemical poten-
tials reads:
3 (3μq + μ) + nFμF = 0, (5)
where nF is the number of generations of F and μF the chemical 
potential of F . As a consequence, an X asymmetry in the dark sec-
tor, proportional to μF , becomes related to B and L asymmetries 
in the visible sector and the transfer of asymmetries between the 
dark and the visible sectors is enabled. For simplicity, the decou-
pling temperature of the modiﬁed sphaleron processes is assumed 
to be similar to the one of the SM sphaleron processes. In general, 
not only the sphaleron processes are modiﬁed in such scenarios, 
but also the condition, derived from hypercharge neutrality, as par-
ticles of the dark sector also carry hypercharge. As discussed in 
section 4, the conditions due to Yukawa interactions, sphaleron 
processes, hypercharge neutrality and interactions involving only 
the dark sector leave two of the chemical potentials as free pa-
rameters. Thus, including interactions which violate L by two units 
reduces the number of free parameters to one and thus correlates 
B , L and X asymmetries, but still allows them to be non-zero. In-
stead of LNV interactions one can also consider other constraints 
leading to one additional condition on the chemical potentials. One 
example is the preservation of (B − L), as pointed out in Ref. [39]. 
In this scenario a B asymmetry can thus be produced even without 
the violation of (B − L). As is clear, the simultaneous presence of 
both, LNV interactions, eﬃcient at temperatures T ∼ 1 TeV, and the 
preservation of (B − L), would lead to the vanishing of all asym-
metries, since then all chemical potentials would become ﬁxed.
In cases where the dark sector only contains the DM particle 
χ and an interaction between the dark and the visible sectors, in-
cluding the neutrino [40,41] and neutron [40,42] portal
χ2 (H)2 , χdRdRuR (or χ
2dRdRuR) , (6)
transfers asymmetries between the two sectors, a B asymmetry 
will be washed out by LNV processes, eﬃcient at temperatures 
T ∼ 1 TeV. Both, the latter and the interaction between the dark 
and the visible sectors, imply an extra condition for the chemical 
potentials, while the conditions in Eq. (3) are still valid. So, in total 
seven conditions have to be fulﬁlled by the seven chemical poten-
tials of SM particles and χ , meaning that these in general have 
to vanish. As a consequence, not only the asymmetries in the visi-
ble sector are erased by LNV processes, but also any X asymmetry 
such that the ADM scenario becomes invalidated as well.
We would like to point out that the previous arguments 
are based on the assumption that all interactions, including the 
Yukawa interactions, sphaleron processes, interactions between the 
dark and the visible sectors and LNV processes, are simultaneously 
in thermal equilibrium. If, for example, a certain Yukawa coupling 
is too small to be effective at the time, when sphaleron processes 
are eﬃcient, or the interactions between the dark and the visible 
sectors decouple before the sphaleron processes become operative, 
the asymmetries of the two sectors can still be correlated even in the presence of LNV processes. Examples for these cases can be 
found in Refs. [43] and [35]. In Ref. [43] a model is considered with 
an additional SU (2) gauge symmetry leading to new sphaleron 
processes. It is essential that some of the Yukawa couplings are 
small in order not to destroy the X asymmetry. In the model in 
Ref. [35] a new charged particle, being part of the dark sector, is 
added to the SM. Then, an asymmetry in the dark sector entails 
a B asymmetry, if the asymmetry in the dark sector is generated 
after the interaction of the new charged particle with the visible 
sector (needed for it to decay into three charged leptons) becomes 
ineffective, but above the sphaleron decoupling temperature Tsph. 
Before studying the correlation between B , L and X asymmetries 
in concrete ADM scenarios without and with LNV processes, that 
violate L by two units, in sections 3 and 4, we discuss the corre-
lation between the different asymmetries in a model-independent 
way in the following subsection.
2.2. Correlation of asymmetries
In the following, we consider a theory with the SM and a dark 
sector, charged under a global symmetry U (1)X . X is a new quan-
tum number, assumed to be different from B , L and B − L. In order 
to be as model-independent as possible, we only require that some 
of the particles of the dark sector have EW interactions, such that 
the conditions corresponding to SM sphaleron processes and/or hy-
percharge neutrality of the Universe, see Eq. (3), are modiﬁed. We 
further assume that the lightest particle χ in the dark sector, the 
DM particle, is neutral and stable. Its stability is guaranteed by 
the global symmetry U (1)X .1 For simplicity, we consider only one 
species of DM particles in the following. Based on the assump-
tions made in the preceding subsection, the particles remaining in 
thermal equilibrium above the sphaleron decoupling temperature, 
which in the SM is Tsph ≈ 135 GeV [44], are all SM particles and 
(elementary) scalars and fermions of the dark sector. Their chem-
ical potentials can be expressed in terms of two of them. This 
is equivalent to expressing the different asymmetries as a linear 
combination of two of them. We choose these in the following as 
(B − L) and X asymmetry which are denoted by (B − L) and X . 
We deﬁne B and L asymmetries as well as (B − L) taking into 
account only SM particles.
The observed baryon asymmetry, YB = (8.65 ± 0.09) × 10−11
[1,2], can be written as
YB = a1 Y(B−L) + a2 YX , (7)
with a2 = 0 and a1 = 1. The second inequality, a1 = 1, implies that 
there is no direct proportionality ab initio between the L asym-
metry L and X . Alternatively, one can express (B − L) as a 
function of the B asymmetry B and L
Y(B−L) = a21− a1 YX −
1
1− a1 YL . (8)
As B and L refer only to the SM particles, they are deﬁned, in 
terms of the quark and lepton chemical potentials, as
YB = 45
4π2g

(
2μq + μuR + μdR
)
, (9)
YL = 45
4π2g

(
2μ + μeR
)
, (10)
where g
 as a function of T counts the total number of relativistic 
degrees of freedom in the thermal plasma. If only SM particles are 
1 It could be also a discrete subgroup of U (1)X or another symmetry responsible 
for the stability of χ .
390 M.T. Frandsen et al. / Physics Letters B 782 (2018) 387–394Fig. 1. Left panel. The upper limit on the DM mass Mχ , Eq. (15), for arbitrary choices of a1 and |a2|. The black thick curves correspond to DM h2 = 0.1186 ± 0.0040 (95%
CL). In the entire plane YB matches the observed value at the 95% CL. The two regions with χ > DM are excluded. Right panel. The allowed region χ ≤ DM (thick 
orange line) in the plane Y(B−L) vs Mχ , evaluated for one particular model with a1 = 5/14, a2 = −1/28 and a3 = 7, see Table 1 and section 3, if LNV processes, that violate 
L by two units, are eﬃcient at temperatures T ∼ 1 TeV. (For interpretation of the colors in the ﬁgure, the reader is referred to the web version of this article.)in thermal equilibrium at T  Tsph, we have a2,SM = 0 and g
 =
106.75. We can derive
YB = − 15
π2g

μ and YL = 17
7
45
4π2g

μ , (11)
from Eq. (3) which implies a1,SM = 28/79, as is well-known.
Similar to Eq. (9), the yield YX of the dark sector is given by 
the sum of the yields Yi of all particle species i, including the 
DM particle χ , carrying a non-zero U (1)X charge,
Yi(zi) = 15 gi4π2 g
 μi ζ(zi) , (12)
where gi denotes the internal degrees of freedom of the particle i
(e.g., spin and gauge multiplicities), μi is the chemical potential 
and zi = Mi/T with Mi being the mass of particle i and T the 
temperature of the plasma. The function ζ(z) depends on the par-
ticle statistics and is given by
ζ(zi) = 6
π2
∞∫
zi
dx x
√
x2 − z2i
ex
(ex − ηi)2
, (13)
with ηi = 1 (−1) for a boson (fermion). For a relativistic bo-
son (fermion) with zi 
 1, we have ζ(zi) ≈ 2 (1). Notice that the 
relation in Eq. (12) is valid under the assumption that the number 
density asymmetry of the particle in the early Universe is much 
smaller than its equilibrium number density, that is μi/T 
 1. For 
simplicity, we assume that g
 is always very close to the value of 
the SM.
The precise values of the coeﬃcients a1 and a2 in Eq. (7) are 
model-dependent, see Table 1 and sections 3 and 4. They are found 
by solving the system of conditions for the chemical potentials of 
all particles in the dark and the visible sectors. If an asymmetry 
B , L or X is created, it will be re-shuﬄed due to Yukawa in-
teractions and sphaleron processes. How it is exactly re-distributed 
among B , L and X is encoded in a1 and a2 in Eq. (7).
Using Eq. (7) one can derive a correlation between the fraction 
B of ρc in baryons and the fraction χ in the DM particle χ
B = a1 Mp s Y(B−L)
ρc
+ a2 Mp
Mχ
χ , (14)
where Mp and Mχ denote the proton and DM mass, respectively. 
Here, s is the entropy density and as numerical values of Mp and 
ρc we use Mp = 938.27 MeV and ρc = 1.88 × 10−26h2 kg/m3. The 
fraction χ is deﬁned as χ ≡ Mχ (nχ − nχ¯ )/ρc with nχ and nχ¯being the number densities of DM particles and antiparticles, re-
spectively. From the phenomenological constraint χ ≤ DM, one 
can derive an upper limit on Mχ :
Mχ ≤ Mp |a2|∣∣∣1 − a1 Y(B−L)YB ∣∣∣
DM
B
. (15)
If we assume that χ makes up all DM, equality holds. The asym-
metry Y(B−L) and the coeﬃcients a1,2 in Eq. (15) are evaluated 
at the sphaleron decoupling temperature Tsph. As one can see, 
the requirement of correctly reproducing the observed value of 
B constrains both, the DM mass Mχ and the requisite amount 
of asymmetry Y(B−L) (or YL ), to be generated by some mecha-
nism. In Ref. [45] a relation similar to the one in Eq. (15) has been 
obtained in a speciﬁc model where a generalized baryon number 
is gauged, see section 4 for further details, in particular Eq. (29).
In Fig. 1 (left panel) we display, for arbitrary values of a1 and 
|a2|, the allowed region, χ ≤ DM in orange, while the black 
thick curves indicate the values of Mχ and Y(B−L) which satu-
rate the upper limit in Eq. (15). For Mχ  50 |a2| GeV this requires 
a ﬁne-tuned value of Y(B−L) ≈ 9 × 10−11/a1. The thickness of the 
black curves corresponds to the 95% CL allowed regions for B and 
DM, see Eq. (1). The two regions corresponding to χ > DM are 
excluded, unless χ is diluted at T < Tsph via new entropy in-
jection as demonstrated in, e.g., Ref. [46]. Notice that the observed 
value of YB can be reproduced, even if (B − L) is conserved in the 
early Universe, i.e. Y(B−L) = 0. In this particular case, the asym-
metries of DM particles and baryons are directly proportional, as 
has been realized in Ref. [39].
Now we assume that LNV processes that violate L by two units 
are eﬃcient at temperatures T ∼ 1 TeV. As argued in section 2.1, 
these lead to one additional condition to be fulﬁlled by the chem-
ical potentials, see Eq. (4), which reduces the number of free pa-
rameters among the chemical potentials to one. Consequently, the 
asymmetries L and X become proportional to each other
YL = a2 a3 YX , (16)
with a3 = 0. Hence, from Eqs. (7) and (8), we have
YB = a2 (1− a1 a3)
1− a1 YX , (17)
which in turn implies
Mχ ≤ Mp
∣∣∣∣a2 (1− a1 a3) ∣∣∣∣ DM . (18)1− a1 B
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Prediction of a1, a2 and a3 in the discussed models. The mass Mχ denotes the upper limit on the mass of the 
DM particle required to correctly reproduce DM, if LNV processes, that violate L by two units, are present. The 
minus (plus) sign in a2 for the SM extended by one additional generation of a complex scalar S and a Dirac 
fermion F refers to S (F ) being the DM particle, given Q X = +1. The parameter B2 is the charge of certain dark 
sector particles under a generalized baryon number and is a free parameter. Both composite models have been 
endowed with an elementary Higgs H . For details, see sections 3 and 4.
Model a1 a2 a3 Mχ [GeV]
SM + 1 generation {S, F } with charge Q X = +1 514 ∓ 128 7 0.44
Ref. [39] 3283 − 72415 83270 1.3
Ref. [45] 3299
15−14B2
198
297(17+2B2)
119(−15+14B2) 0.49 |2.3−B2|
Ref. [36] with elementary Higgs H 1235 − 3235 35104 6.5
Ref. [47] with elementary Higgs H 823 − 2146 2363 3.2Again the coeﬃcients ai are computed at T = Tsph, with 1 −
a1 a3 = 0. Applying Eqs. (16) and (17) to the case of the SM, we 
have a2,SM = 0 such that the vanishing of B and L asymmetries 
follows, excluding high-scale baryogenesis and leptogenesis, in ac-
cordance with the observations made in Refs. [27–29].
In Fig. 1 (right panel) the allowed region of χ ≤ DM is shown 
for a speciﬁc choice of a1 and a2, a1 = 5/14 and a2 = −1/28, see 
Table 1. These values arise in an example, discussed in section 3, 
where the dark sector consists of one complex scalar S , being 
the DM particle, and one charged Dirac fermion. If LNV processes, 
that violate L by two units and that are eﬃcient at temperatures 
T ∼ 1 TeV, are present, a3 = 7 and the horizontal orange line in 
the ﬁgure indicates the allowed interval of Mχ and the value of 
Y(B−L) . In particular, the DM mass is conﬁned to the sub-GeV 
range, Mχ ≤ 0.44 GeV. Low values of Mχ not larger than a few 
GeV are found in all the discussed ADM scenarios, see Table 1. 
The latter are discussed, beginning with examples where only the 
condition for hypercharge neutrality is modiﬁed in section 3 and 
followed by models with elementary and composite particles in 
section 4 in which also the sphaleron processes are modiﬁed.
3. Modiﬁcation of hypercharge neutrality condition
In this section, we present and discuss a simple example of the 
case where only the condition for hypercharge neutrality is modi-
ﬁed, while sphaleron processes are unchanged with respect to the 
SM. For this purpose, we consider an extension of the SM with nF
vector-like fermions F j , and nS complex scalars Sk . The fermions 
and scalars mix among each other via mass terms. This mixing 
leads to common chemical potentials for fermions and scalars, μF
and μS , respectively.2 For simplicity, all new particle masses are 
assumed to be much smaller than the sphaleron decoupling tem-
perature, i.e. MF j , mSk 
 Tsph. In addition, all particles of the dark 
sector transform under a global symmetry U (1)X , which guaran-
tees the stability of the lightest one. The lightest particle is neutral 
and plays the role of the DM candidate. It can be either a fermion 
or a scalar. All new particles are neutral under SU (3)C ⊗ SU (2)L
and carry the same U (1)X charge, up to a sign, which we normal-
ize to Q X = +1 so that X(F j) = −X(Sk) = 1. Either F j or Sk (but 
not both) is charged under U (1)Y such that a coupling to right-
handed charged leptons eRα is allowed at tree-level
λαjk F Lj S
∗
k eRα . (19)
Here, for each lepton ﬂavor α = e, μ, τ , λα is a complex nF × nS
matrix. If λαjk is large enough for the Yukawa interactions to be in 
2 Since F j are vector-like fermions, left-handed and right-handed components 
have the same chemical potential.thermal equilibrium, this yields a new constraint on the chemical 
potentials, namely
−μF − μS + μeR = 0 . (20)
The condition for hypercharge neutrality is modiﬁed, since one 
species of particles of the dark sector is charged under U (1)Y . We 
thus have
3μq +6μuR −3μdR −3μ −3μeR +2μH −2nF (S) μF (S) = 0 ,
(21)
in case the fermions (scalars) carry the U (1)Y charge. The asym-
metry YX is a function of μF and μS , see Eq. (12),
YX = 15
2π2 g

(nF μF − nS μS) . (22)
Since none of the new particles transforms non-trivially under 
SU (2)L , SM sphaleron processes, see Eq. (3), are not altered. Tak-
ing into account all conditions fulﬁlled in thermal equilibrium, two 
chemical potentials remain as free parameters, and we ﬁnd for the 
coeﬃcients a1 and a2
a1 = 4 7 (nS + nF ) + nS nF
79 (nS + nF ) + 10nS nF and
a2 = ∓ 6nF (S)
79 (nS + nF ) + 10nS nF .
(23)
Here, the positive sign and the index S in a2 correspond to the 
case with neutral fermions, while the negative sign and the index 
F refer to the case of neutral scalars. For the special case of nF =
nS = 1, we obtain a1 = 514 and a2 = ∓ 128 , as reported in Table 1
and used in Fig. 1 (right panel).
When introducing LNV processes which violate L by two units, 
the additional constraint in Eq. (4) has to be included. Conse-
quently, we obtain a correlation between YL and YX , as in 
Eq. (16), with the coeﬃcient a3 being
a3 = 79 (nS + nF ) + 10nS nF
11 (nS + nF ) + 2nS nF . (24)
For instance, if nF = nS = 1, one has a3 = 7 which is used in Ta-
ble 1 and Fig. 1 (right panel). According to Eq. (18), we can set an 
upper limit on the DM mass Mχ :
Mχ ≤
(
10
nF (S)
11 (nS + nF ) + 2nS nF
)
GeV, (25)
for neutral scalars (fermions). For nF = nS = 1, we ﬁnd Mχ ≤
0.44 GeV, as reported in Table 1, and the requisite amount of asym-
metry Y(B−L) is displayed in Fig. 1 (right panel).
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case of massive fermions F j and scalars Sk and to cases where 
Q X = +1. The asymmetry YX , see Eq. (12), is then given by
YX = 15
4π2 g

Q X
⎡⎣2μF nF∑
j=1
ζ
(
MF j
Tsph
)
− μS
nS∑
k=1
ζ
(
mSk
Tsph
)⎤⎦
(26)
and also the coeﬃcients ai encode this information, e.g.
a1 = 4×
7
(
nS∑
k=1
ζ
(
mSk
Tsph
)
+ 2
nF∑
j=1
ζ
(
MF j
Tsph
))
+
(
nS∑
k=1
ζ
(
mSk
Tsph
)) ( nF∑
j=1
ζ
(
MF j
Tsph
))
79
(
nS∑
k=1
ζ
(
mSk
Tsph
)
+ 2
nF∑
j=1
ζ
(
MF j
Tsph
))
+ 10
(
nS∑
k=1
ζ
(
mSk
Tsph
)) ( nF∑
j=1
ζ
(
MF j
Tsph
))
(27)
for the scalars being neutral. Furthermore, one can imagine a more 
complicated setup, where each pair of a fermion and scalar car-
ries a different U (1)X charge, and either the fermion or scalar of 
each pair can be neutral. In this setup, one may thus realize multi-
component DM [48–54].
4. Modiﬁcation of SM sphaleron processes
In this section, we ﬁrst discuss two models with elementary 
and then two with composite particles in the dark sector. In all 
these models, the SM sphaleron processes are modiﬁed by the dark 
sector.
Models with elementary particles in the dark sector are dis-
cussed in Refs. [39,45,55,56]. The relevant symmetry group of these 
models is
SU (2)L ⊗ U (1)Y ⊗ U (1)B ⊗ U (1)L ⊗ U (1)X , (28)
with the last three U (1) symmetries referring to generalized 
baryon number (B), generalized lepton number (L) and X . The 
generalizations B and L are introduced, since in the discussed 
models the particles of the dark sector either also carry baryon 
number, as in Ref. [45], or also lepton number, see Refs. [39,55,
56], and we wish to distinguish these from B and L, only taking 
into account SM particles. The dark sector contains the following 
fermions
L ∼ (2,−1
2
,B1,L1, X1),
ηR ∼ (1,−1,B1,L1, X1),
χR ∼ (1,0,B1,L1, X1) ,
R ∼ (2,−1
2
,B2,L2,−X2),
ηL ∼ (1,−1,B2,L2,−X2),
χL ∼ (1,0,B2,L2,−X2) ,
(29)
following (a generalization of) the conventions of Refs. [45,57].
In Ref. [39] the particles of the dark sector carry generalized 
lepton number and U (1)X charge. The charge assignments are 
B1 = B2 = 0, L1 = L2 = 1, X1 = X2 = 1. In addition, three left-
handed fermions, being gauge singlets under the SM, with U (1)X
charge
γ1L ∼ (1,0,0,0,−1),
γ2L ∼ (1,0,0,0,1),
γ3L ∼ (1,0,0,0,0) (30)
are introduced which have Yukawa interactions with L,R and the 
lepton doublets  (and the scalar H ′). The global symmetry U (1)Xis violated by sphaleron processes, see Eq. (32). The dark sector 
also contains two scalars, H ′ and h, which transform as
H ′ ∼ (2, 1
2
,0,−L1,0) , h ∼ (1,0,0,0,0) . (31)
The DM particle is the fermion γ1L , the lightest particle carrying 
non-zero U (1)X charge.
In the model in Ref. [45] the particles of the dark sector carry 
generalized baryon number. The symmetry U (1)B is gauged in this 
model. The corresponding charge assignments are B1 − B2 = −3, 
required by gauge anomaly freedom of U (1)B , with B2 being a 
free parameter, L1 = L2 = 0 and X1 = −X2 = 1 under U (1)X . The 
latter is an accidental global symmetry of the dark sector and its 
quantum number is denoted with η in Ref. [45]. Note that this 
symmetry is not violated by sphaleron processes, see Eq. (32). 
In addition to the fermions, shown in Eq. (29), the dark sector 
possesses a scalar SB which also carries generalized baryon num-
ber, SB ∼ (1, 0, −3, 0, 0). When SB acquires a vacuum expectation 
value, the gauge symmetry U (1)B breaks spontaneously and con-
tributions to the masses of the particles of the dark sector are 
generated. In the special case, discussed in Ref. [45], the DM parti-
cle is the Dirac fermion χ = χL + χR which is a singlet under the 
SM gauge group.
In both models, the sphaleron processes are modiﬁed and the 
corresponding condition reads
3 (3μq + μ) + μL − μR = 0 . (32)
In addition, the Yukawa interactions involving particles of the dark 
sector also lead to conditions on the chemical potentials. These are, 
in particular, necessary in order to convert the X asymmetry to a
particle–antiparticle asymmetry of the DM particle.
We report in Table 1 the results from these two models for the 
coeﬃcients ai as well as the upper limit on the DM mass in the 
case in which LNV processes, that violate L by two units and that 
are eﬃcient at temperatures T ∼ 1 TeV, are present.
The ﬁrst ADM model in which sphaleron processes are mod-
iﬁed by the dark sector and transfer asymmetries between the 
dark and the visible sectors has been proposed in Ref. [36]. This 
model belongs to a class of models where the dark sector contains 
composite particles and possesses a new strongly interacting Tech-
nicolor (TC) gauge group GTC. The relevant symmetry group of the 
model is
GTC ⊗ SU (2)L ⊗ U (1)Y ⊗ U (1)X . (33)
A minimal set of new fermions, which does not lead to gauge 
anomalies, is
Q L =
(
U
D
)
L
∼ (RTC,2,0, x),
UR ∼ (RTC,1, 1
2
, x) , DR ∼ (RTC,1,−1
2
, x) , (34)
where RTC is the particle’s representation under GTC and x is the 
charge under the global symmetry U (1)X , analogous to baryon 
number in the SM. As opposed to the models with elementary 
particles discussed above, the dark sector does not contain right-
handed SU (2)L doublets, because these models have been devised 
to break EW symmetry dynamically via condensation.
The global symmetry U (1)X is violated by sphaleron processes, 
see Eq. (35), and, for certain choices of the gauge group GTC and 
the representation RTC, the lightest composite particle in the spec-
trum is neutral and stable below the sphaleron decoupling tem-
perature [36,47,58–61]. For example, if GTC = SU (4) and RTC is 
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UDUD , a singlet under the SM gauge group, is neutral and is the 
lightest state carrying U (1)X charge, as discussed in Ref. [36]. If 
GTC = SU (2) and RTC is the two-dimensional fundamental repre-
sentation, then χ ∼ UD is neutral, a singlet under the SM gauge 
group and the lightest state carrying U (1)X charge. In this case it 
is also a Goldstone boson of the strong dynamics, see Ref. [47]. 
In both models, sphaleron processes are modiﬁed and the corre-
sponding condition for the chemical potentials reads
3 (3μq + μ) + dim(RTC)μQ L = 0 . (35)
This class of models is nowadays constrained by the observa-
tion of the Higgs particle. While the condensate 〈ULU R + DLDR +
h.c.〉 ∼ f 3, with f being the Goldstone boson decay constant, can 
yield correct EW symmetry breaking, it may not yield a light 
Higgs-like excitation. A viable variation may arise from coupling 
an elementary Higgs H to the dark sector and to the SM fermions 
via Yukawa interactions [62–68]. Hence, in the simplest case the 
EW scale is set by
v2EW = v2 + ND f 2 , (36)
where v is the vacuum expectation value of H and ND is the 
total number of SU (2)L doublets in the dark sector divided by 
dim(RTC), meaning ND = 1 in the two examples. The Yukawa in-
teractions of the new fermions and H are of the form
λD Q LH DR + λU Q L H˜ UR . (37)
Being in thermal equilibrium above the sphaleron decoupling tem-
perature, they provide conditions for the chemical potentials equiv-
alent to those, arising from the SM Yukawa interactions. We refer 
to Refs. [65] and [66–68] for explicit constructions of models with 
the gauge group GTC = SU (4) and GTC = SU (2) and an elemen-
tary Higgs H , and to Ref. [69] for how to raise the scale f in such 
models.
When computing the coeﬃcients ai for the models, deﬁned in 
Refs. [36,47], extended with an elementary Higgs H , we do not 
consider right-handed neutrinos and adapt as normalization of the 
global quantum number X the one used in Ref. [36].3 The coeﬃ-
cients ai can also be found in Table 1.
5. Conclusions
We have considered ADM scenarios with a dark sector which 
possesses a global symmetry U (1)X and the impact of LNV pro-
cesses on the particle–antiparticle asymmetries in the dark and the 
visible sectors. We have shown in a model-independent way and 
with several examples that B , L and X asymmetries can be pre-
served in an ADM scenario, even in the presence of LNV processes 
that violate L by two units and that are eﬃcient at temperatures 
T ∼ 1 TeV. This is in contrast to models without ADM, where e.g. 
the observation of LNV in form of same-sign dilepton signals at the 
LHC can falsify high-scale baryogenesis and leptogenesis, as has 
been shown recently in the literature.
The crucial feature of all scenarios are particles in the dark sec-
tor that carry hypercharge and/or transform in a non-trivial way 
under SU (2)L . In the former case, the condition for hypercharge 
3 The U (1)X charge of Q L , UR and DR is given by one divided by the num-
ber of constituents of the DM candidate χ , i.e. x = 1/4 and x = 1/2 for the model 
in Ref. [36] and [47], respectively. This deﬁnition deviates from the one chosen in 
Ref. [47] by a factor 1/
√
2, see deﬁnition of the generator of U (1)T B , corresponding 
to U (1)X , in Ref. [47].neutrality is modiﬁed, while in the second one SM sphaleron pro-
cesses are also altered by the dark sector. In both cases it turns out 
that fulﬁlling all conditions, derived from Yukawa interactions, hy-
percharge neutrality and sphaleron processes, leaves two chemical 
potentials as free parameters. Thus, adding one further condition, 
imposed by LNV processes on the chemical potentials, reduces the 
number of free parameters to one. Consequently, all asymmetries 
become correlated, but are still non-zero in general. The conver-
sion of the asymmetries of the dark and the visible sectors is in the 
presented examples either achieved through Yukawa interactions 
between the two sectors and/or modiﬁed sphaleron processes. In-
cluding LNV processes, considerably reduces the allowed param-
eter space of the ADM scenarios. In particular, it puts an upper 
limit on the DM mass of a few GeV. This makes it challenging to 
test these ADM scenarios with direct DM detection experiments. 
The observation of LNV and the discovery of new particles, carry-
ing hypercharge and/or transforming in a non-trivial way under 
SU (2)L , together with an indication for high-scale baryogenesis
will be an intriguing hint for the ADM scenarios considered in 
this analysis. In contrast, an evidence for symmetric DM, such as 
the conﬁrmation of the origin of a γ - or cosmic-ray excess from 
DM annihilation, or for the DM mass being larger than ∼ 100 GeV, 
could rule out the presented scenarios.
We would like to emphasize that our analysis assumes all in-
teractions, including Yukawa ones, sphaleron processes and other 
asymmetry transfer interactions, to be in thermal equilibrium. Our 
conclusions thus do not apply to situations where the B asymme-
try is generated below (or during) the EWPT or the dark sector 
decouples from the visible one before LNV becomes eﬃcient.
As the discussed LNV processes naturally arise in radiative neu-
trino mass models and several of these also possess a global sym-
metry and feature a viable DM candidate, a detailed study of these 
models along the lines of the present analysis would be very inter-
esting.
Acknowledgements
MTF and WCH acknowledge partial funding from the Indepen-
dent Research Fund Denmark, grant number DFF 6108-00623. The 
CP3-Origins centre is partially funded by the Danish National Re-
search Foundation, grant number DNRF90.
References
[1] P.A.R. Ade, et al., Planck 2015 results. XIII. Cosmological parameters, Astron. 
Astrophys. 594 (2016) A13, arXiv:1502 .01589.
[2] C. Patrignani, et al., Review of particle physics, Chin. Phys. C 40 (10) (2016) 
100001.
[3] S. Nussinov, Technocosmology: could a technibaryon excess provide a ‘natural’ 
missing mass candidate?, Phys. Lett. B 165 (1985) 55–58.
[4] Kathryn M. Zurek, Asymmetric dark matter: theories, signatures, and con-
straints, Phys. Rep. 537 (2014) 91–121, arXiv:1308 .0338.
[5] Petraki Kalliopi, Raymond R. Volkas, Review of asymmetric dark matter, Int. J. 
Mod. Phys. A 28 (2013) 1330028, arXiv:1305 .4939.
[6] Tsutomu Yanagida, Horizontal symmetry and masses of neutrinos, Conf. Proc. 
C7902131 (1979) 95–99.
[7] S.L. Glashow, The future of elementary particle physics, NATO Sci. Ser. B 61 
(1980) 687.
[8] Murray Gell-Mann, Pierre Ramond, Richard Slansky, Complex spinors and uni-
ﬁed theories, Conf. Proc. C790927 (1979) 315–321, arXiv:1306 .4669.
[9] Rabindra N. Mohapatra, Goran Senjanovic, Neutrino mass and spontaneous par-
ity violation, Phys. Rev. Lett. 44 (1980) 912.
[10] M. Magg, C. Wetterich, Neutrino mass problem and gauge hierarchy, Phys. Lett. 
B 94 (1980) 61–64.
[11] J. Schechter, J.W.F. Valle, Neutrino masses in SU (2) ⊗ U (1) theories, Phys. Rev. 
D 22 (1980) 2227.
[12] Rabindra N. Mohapatra, Goran Senjanovic, Neutrino masses and mixings in 
gauge models with spontaneous parity violation, Phys. Rev. D 23 (1981) 165.
[13] Robert Foot, H. Lew, X.G. He, Girish C. Joshi, Seesaw neutrino masses induced 
by a triplet of leptons, Z. Phys. C 44 (1989) 441.
394 M.T. Frandsen et al. / Physics Letters B 782 (2018) 387–394[14] K.S. Babu, Chung Ngoc Leung, Classiﬁcation of effective neutrino mass opera-
tors, Nucl. Phys. B 619 (2001) 667–689, arXiv:hep -ph /0106054.
[15] Andre de Gouvea, James Jenkins, A survey of lepton number violation via ef-
fective operators, Phys. Rev. D 77 (2008) 013008, arXiv:0708 .1344.
[16] M. Fukugita, T. Yanagida, Baryogenesis without grand uniﬁcation, Phys. Lett. B 
174 (1986) 45–47.
[17] Sacha Davidson, Enrico Nardi, Yosef Nir, Leptogenesis, Phys. Rep. 466 (2008) 
105–177, arXiv:0802 .2962.
[18] P.S. Bhupal Dev, Pasquale Di Bari, Bjorn Garbrecht, Stéphane Lavignac, Pe-
ter Millington, Daniele Teresi, Flavor effects in leptogenesis, arXiv:1711.02861, 
2017.
[19] M. Drewes, B. Garbrecht, P. Hernández, M. Kekic, J. López-Pavón, J. Racker, 
N. Rius, J. Salvado, D. Teresi, ARS leptogenesis, arXiv:1711.02862, 2017.
[20] P.S. Bhupal Dev, Mathias Garny, Juraj Klaric, Peter Millington, Daniele Teresi, 
Resonant enhancement in leptogenesis, arXiv:1711.02863, 2017.
[21] S. Biondini, D. Bödeker, N. Brambilla, M. Garny, J. Ghiglieri, A. Hohenegger, 
M. Laine, S. Mendizabal, P. Millington, A. Salvio, A. Vairo, Status of rates and 
rate equations for thermal leptogenesis, arXiv:1711.02864, 2017.
[22] E.J. Chun, G. Cveticˇ, P.S.B. Dev, M. Drewes, C.S. Fong, B. Garbrecht, T. Ham-
bye, J. Harz, P. Hernández, C.S. Kim, E. Molinaro, E. Nardi, J. Racker, N. Rius, 
J. Zamora-Saa, Probing leptogenesis, arXiv:1711.02865, 2017.
[23] C. Hagedorn, R.N. Mohapatra, E. Molinaro, C.C. Nishi, S.T. Petcov, CP violation in 
the lepton sector and implications for leptogenesis, arXiv:1711.02866, 2017.
[24] S.M. Bilenky, C. Giunti, Neutrinoless double-beta decay: a probe of physics be-
yond the Standard Model, Int. J. Mod. Phys. A 30 (04n05) (2015) 1530001, 
arXiv:1411.4791.
[25] Heinrich Päs, Werner Rodejohann, Neutrinoless double beta decay, New J. Phys. 
17 (11) (2015) 115010, arXiv:1507.00170.
[26] Stefano Dell’Oro, Simone Marcocci, Matteo Viel, Francesco Vissani, Neutrinoless 
double beta decay: 2015 review, Adv. High Energy Phys. 2016 (2016) 2162659, 
arXiv:1601.07512.
[27] Frank F. Deppisch, Julia Harz, Martin Hirsch, Wei-Chih Huang, Heinrich Päs, Fal-
sifying high-scale baryogenesis with neutrinoless double beta decay and lepton 
ﬂavor violation, Phys. Rev. D 92 (3) (2015) 036005, arXiv:1503 .04825.
[28] Frank F. Deppisch, Lukas Graf, Julia Harz, Wei-Chih Huang, Neutrinoless double 
beta decay and the baryon asymmetry of the Universe, arXiv:1711.10432, 2017.
[29] Frank F. Deppisch, Julia Harz, Martin Hirsch, Falsifying high-scale leptogenesis 
at the LHC, Phys. Rev. Lett. 112 (2014) 221601, arXiv:1312 .4447.
[30] V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikov, On the anomalous electroweak 
baryon number nonconservation in the early Universe, Phys. Lett. B 155 (1985) 
36.
[31] Peter Brockway Arnold, Larry D. McLerran, Sphalerons, small ﬂuctuations and 
baryon number violation in electroweak theory, Phys. Rev. D 36 (1987) 581.
[32] Jeffrey A. Harvey, Michael S. Turner, Cosmological baryon and lepton number in 
the presence of electroweak fermion number violation, Phys. Rev. D 42 (1990) 
3344–3349.
[33] Diego Restrepo, Oscar Zapata, Carlos E. Yaguna, Models with radiative neutrino 
masses and viable dark matter candidates, J. High Energy Phys. 11 (2013) 011, 
arXiv:1308 .3655.
[34] Yi Cai, Juan Herrero-García, Michael A. Schmidt, Avelino Vicente, Raymond R. 
Volkas, From the trees to the forest: a review of radiative neutrino mass mod-
els, Front. Phys. 5 (2017) 63, arXiv:1706 .08524.
[35] Aram Antaramian, Lawrence J. Hall, Andrija Rasin, Hypercharge and the cos-
mological baryon asymmetry, Phys. Rev. D 49 (1994) 3881–3885, arXiv:hep -
ph /9311279.
[36] Stephen M. Barr, R. Sekhar Chivukula, Edward Farhi, Electroweak fermion num-
ber violation and the production of stable particles in the early Universe, Phys. 
Lett. B 241 (1990) 387–391.
[37] A.D. Sakharov, Violation of CP invariance, C asymmetry, and baryon asymmetry 
of the Universe, Pis’ma Zh. Eksp. Teor. Fiz. 5 (1967) 32–35, Usp. Fiz. Nauk 161 
(1991) 61.
[38] A. Sommerfeld, Über die Beugung und Bremsung der Elektronen, Ann. Phys. 
403 (3) (1931) 257–330.
[39] Stephen M. Barr, Baryogenesis, sphalerons and the cogeneration of dark matter, 
Phys. Rev. D 44 (1991) 3062–3066.
[40] David E. Kaplan, Markus A. Luty, Kathryn M. Zurek, Asymmetric dark matter, 
Phys. Rev. D 79 (2009) 115016, arXiv:0901.4117.
[41] Matthew R. Buckley, Lisa Randall, Xogenesis, J. High Energy Phys. 09 (2011) 
009, arXiv:1009 .0270.
[42] Glennys R. Farrar, Gabrijela Zaharijas, Dark matter and the baryon asymmetry, 
Phys. Rev. Lett. 96 (2006) 041302, arXiv:hep -ph /0510079.[43] Bartosz Fornal, Yuri Shirman, Tim M.P. Tait, Jennifer Rittenhouse West, Asym-
metric dark matter and baryogenesis from SU (2) , Phys. Rev. D 96 (3) (2017) 
035001, arXiv:1703 .00199.
[44] Y. Burnier, M. Laine, M. Shaposhnikov, Baryon and lepton number violation 
rates across the electroweak crossover, J. Cosmol. Astropart. Phys. 0602 (2006) 
007, arXiv:hep -ph /0511246.
[45] Pavel Fileviez Pérez, Hiren H. Patel, Baryon asymmetry, dark matter and local 
baryon number, Phys. Lett. B 731 (2014) 232–235, arXiv:1311.6472.
[46] Joseph Bramante, James Unwin, Superheavy thermal dark matter and primor-
dial asymmetries, J. High Energy Phys. 02 (2017) 119, arXiv:1701.05859.
[47] Thomas A. Ryttov, Francesco Sannino, Ultra minimal technicolor and its dark 
matter TIMP, Phys. Rev. D 78 (2008) 115010, arXiv:0809 .0713.
[48] Kathryn M. Zurek, Multi-component dark matter, Phys. Rev. D 79 (2009) 
115002, arXiv:0811.4429.
[49] Brian Batell, Dark discrete gauge symmetries, Phys. Rev. D 83 (2011) 035006, 
arXiv:1007.0045.
[50] Mayumi Aoki, Michael Duerr, Jisuke Kubo, Hiroshi Takano, Multi-component 
dark matter systems and their observation prospects, Phys. Rev. D 86 (2012) 
076015, arXiv:1207.3318.
[51] Stefano Profumo, Kris Sigurdson, Lorenzo Ubaldi, Can we discover multi-
component WIMP dark matter?, J. Cosmol. Astropart. Phys. 0912 (2009) 016, 
arXiv:0907.4374.
[52] Diego Chialva, P.S. Bhupal Dev, Anupam Mazumdar, Multiple dark matter sce-
narios from ubiquitous stringy throats, Phys. Rev. D 87 (6) (2013) 063522, 
arXiv:1211.0250.
[53] Giorgio Arcadi, Christian Gross, Oleg Lebedev, Yann Mambrini, Stefan Pokorski, 
Takashi Toma, Multicomponent dark matter from gauge symmetry, J. High En-
ergy Phys. 12 (2016) 081, arXiv:1611.00365.
[54] Juan Herrero-Garcia, Andre Scaﬃdi, Martin White, Anthony G. Williams, On 
the direct detection of multi-component dark matter: sensitivity studies and 
parameter estimation, J. Cosmol. Astropart. Phys. 1711 (11) (2017) 021, arXiv:
1709 .01945.
[55] Pavel Fileviez Perez, Sebastian Ohmer, Hiren H. Patel, Minimal theory for lepto-
baryons, Phys. Lett. B 735 (2014) 283–287, arXiv:1403 .8029.
[56] Mads T. Frandsen, Ian M. Shoemaker, Asymmetric dark matter models and the 
LHC diphoton excess, J. Cosmol. Astropart. Phys. 1605 (05) (2016) 064, arXiv:
1603 .09354.
[57] Michael Duerr, Pavel Fileviez Perez, Mark B. Wise, Gauge theory for baryon and 
lepton numbers with leptoquarks, Phys. Rev. Lett. 110 (2013) 231801, arXiv:
1304 .0576.
[58] R. Sekhar Chivukula, Terry P. Walker, Technicolor cosmology, Nucl. Phys. B 329 
(1990) 445–463.
[59] Sven Bjarke Gudnason, Chris Kouvaris, Francesco Sannino, Dark matter from 
new technicolor theories, Phys. Rev. D 74 (2006) 095008, arXiv:hep -ph /
0608055.
[60] Maxim Yu. Khlopov, Chris Kouvaris, Strong interactive massive particles from a 
strong coupled theory, Phys. Rev. D 77 (2008) 065002, arXiv:0710 .2189.
[61] Mads T. Frandsen, Francesco Sannino, iTIMP: isotriplet technicolor interacting 
massive particle as dark matter, Phys. Rev. D 81 (2010) 097704, arXiv:0911.
1570.
[62] Gerard ’t Hooft, Naturalness, chiral symmetry, and spontaneous chiral symme-
try breaking, NATO Sci. Ser. B 59 (1980) 135.
[63] Elizabeth H. Simmons, Phenomenology of a technicolor model with heavy 
scalar doublet, Nucl. Phys. B 312 (1989) 253–268.
[64] Michael Dine, Alex Kagan, Stuart Samuel, Naturalness in supersymmetry, or 
raising the supersymmetry breaking scale, Phys. Lett. B 243 (1990) 250–256.
[65] Christopher D. Carone, Technicolor with a 125 GeV Higgs boson, Phys. Rev. D 
86 (2012) 055011, arXiv:1206 .4324.
[66] Jamison Galloway, Alexander L. Kagan, Adam Martin, A UV complete partially 
composite-pNGB Higgs, Phys. Rev. D 95 (3) (2017) 035038, arXiv:1609 .05883.
[67] Alessandro Agugliaro, Oleg Antipin, Diego Becciolini, Stefania De Curtis, 
Michele Redi, UV complete composite Higgs models, Phys. Rev. D 95 (3) (2017) 
035019, arXiv:1609 .07122.
[68] Tommi Alanne, Diogo Buarque Franzosi, Mads T. Frandsen, A partially compos-
ite Goldstone Higgs, Phys. Rev. D 96 (9) (2017) 095012, arXiv:1709 .10473.
[69] Tommi Alanne, Stefano Di Chiara, Kimmo Tuominen, LHC data and aspects of 
new physics, J. High Energy Phys. 01 (2014) 041, arXiv:1303 .3615.
